We have used specific heat and neutron diffraction measurements on single crystals of URu2−xFexSi2 for Fe concentrations x ≤ 0.7 to establish that chemical substitution of Ru with Fe acts as "chemical pressure" P ch as previously proposed by Kanchanavatee et al. [Phys. Rev. B 84, 245122 (2011)] based on bulk measurements on polycrystalline samples. Notably, neutron diffraction reveals a sharp increase of the uranium magnetic moment at x = 0.1, reminiscent of the behavior at the "hidden order" (HO) to large moment antiferromagnetic (LMAFM) phase transition observed at a pressure Px ≈ 0.5-0.7 GPa in URu2Si2. Using the unit cell volume determined from our measurements and an isothermal compressibility κT = 5.2 × 10 −3 GPa −1 for URu2Si2, we determine the chemical pressure P ch in URu2−xFexSi2 as a function of x. The resulting temperature T -chemical pressure P ch phase diagram for URu2−xFexSi2 is in agreement with the established temperature T -external pressure P phase diagram of URu2Si2.
I. INTRODUCTION
The heavy fermion compound URu 2 Si 2 exhibits a large entropy change at a temperature T 0 = 17.5 K 1-3 that has presented a challenge to researchers for almost 30 years. Despite the pronounced signature at T 0 in the heat capacity that signals a second-order symmetry breaking phase transition, the order parameter of the ground state below T 0 remains unknown, and the phase is commonly referred to as the "hidden order" (HO) phase. 4 On the other hand, a large body of experimental work has established that the HO phase develops out of a paramagnetic phase that is characterized by strong electronic correlations stemming from the hybridization of localized uranium f electrons with the conduction electrons. 5 Scanning tunneling microscopy (STM) measurements on URu 2 Si 2 demonstrate that hybridization already arises at temperatures much larger than T 0 , where the single-ion Kondo temperature was determined as T K = 120 K. 6, 7 At T * ≈ 70 K, coherence sets in and a Kondo lattice develops as is observed by point-contact spectroscopy (PCS) measurements 8 consistent with bulk properties.
9,10 NMR measurements 11 also suggest the presence of a pseudogap below 30 K.
The onset of the HO is accompanied by a further reorganization of this strongly correlated electron state. The BCS-like specific heat anomaly at T 0 , 1,2 Hall effect 10, 12, 13 and optical conductivity 14 measurements show that a charge gap opens over about 40% of the Fermi surface (FS) within the HO state. The partial gapping of the FS is further supported by quantum oscillation measurements 15, 16 that reveal that the FS of URu 2 Si 2 consists of mostly small closed pockets. This reorganization of the electronic structure below T 0 was also observed via angle-resolved photoemission spectroscopy (ARPES), 17 STM, 6, 7 and PCS 8 that reveal a secondary hybridization of a heavy f -like quasiparticle band with a light hole-like band at Q * = ±0.3π/a, resulting in the formation of a hybridization gap ∆ Q * = 5 meV. More recent ARPES work suggests that possibly larger regions of the FS are gapped at T 0 .
18
Extensive inelastic neutron scattering studies demonstrated that charge and spin degrees of freedom are strongly coupled in URu 2 Si 2 . Below T 0 , spin gaps develop simultaneously with the charge gap, where most of the work has focused on the spin gaps at the commensurate Q 0 = (1, 0, 0) and incommensurate Q 1 = (0.4, 0, 0) wave vectors. [19] [20] [21] [22] [23] The Q 1 mode has been attributed to itinerant-like spin excitations that are related to the heavy electronic quasiparticles that form below T * . 20 A more recent neutron scattering study that has investigated the magnetic scattering over large parts of the Brillouin zone shows that spin gaps open over wider regions of reciprocal space, and the observed magnetic excitations originate from spin-flip transitions between hybridized bands that track the FS 24 as previously suggested based on a smaller set of data. 25 The gapping of these spin fluctuations accounts for the loss of entropy at T 0 .
20
The Q 0 mode transforms to weak quasielastic spin fluctuations above T 0 and appears to be a true signature of the HO state, where the integrated dynamic spin susceptibility behaves like an order parameter. 22 Notably, when URu 2 Si 2 is tuned by means of external pressure, above a pressure P x ≈ 0.5-0.7 GPa, the commensurate spin gap arXiv:1412.5642v1 [cond-mat.str-el] 17 Dec 2014 closes and the longitudinal spin fluctuations at Q 0 freeze out, 21 leading to the formation of antiferromagnetic order with a magnetic moment of ∼ 0.4 µ B /U parallel to the tetragonal c axis. 26 We note that antiferromagnetic order with the same ordering wave vector Q 0 and a tiny magnetic moment ∼ 0.01 − 0.04 µ B /U 19,27 is also observed in the HO state for P < P x . Historically, the antiferromagnetic phase beyond P x has therefore been called the large moment antiferromagnetic phase (LMAFM). However, the moment in the HO phase is too small to account for the large entropy 0.2Rln2 associated with the specific heat anomaly below T 0 .
1,2 Detailed subsequent investigations led to the wide consensus that the small magnetic moment within the HO state is due to internal strain.
28,29
Larmor diffraction measurements have additionally established that the phase boundary between the HO and LMAFM is first order. 29 Recent theoretical work 30, 31 suggested that the magnetic moment in the HO phase has a small component in the tetragonal plane, and that the antiferromagnetic order in the HO and LMAFM phases would be different, but this was ruled out by recent detailed neutron diffraction work that confirmed that the magnetic moment in the HO phase is purely along the c-axis.
32-34
It is therefore well-established that the two phases have distinct order parameters. In contrast, quantum oscillation measurements suggest that the Fermi surfaces of the LMAFM and HO are nearly identical.
35 This is partially supported by inelastic neutron scattering experiments that probed the incommensurate spin excitations at Q 1 as a function of pressure, which find that the FS nesting vector remains unchanged upon entering the LMAFM phase. 23 However, the incommensurate spin gap at Q 1 is found to increase abruptly at P x from approximately 4.5 to just below 8 meV. 23 Complete measurements spanning the entire Brillouin zone are difficult to perform under pressure and a full comparison with the HO phase is thus not possible. This demonstrates that the relationship between the HO and LMAFM phases that is determined via a complex interplay of localized and itinerant electronic, as well as spin degrees of freedom, remains an open question. In particular, it would be desirable to perform measurements such as STM and ARPES that are able to detect the fine details of the electronic structure in the LMAFM phase to resolve these questions; these experiments have not yet been performed since these measurements cannot be carried out under applied pressure.
Here we demonstrate that the new isoelectronic substitution series URu 2−x Fe x Si 2 may represent a new route to investigate the interplay between HO and LMAFM phases. Measurements of electrical resistivity, magnetic susceptibility and specific heat on polycrystalline samples of URu 2−x Fe x Si 2 for 0 ≤ x ≤ 2 have recently been reported; from these measurements, a phase diagram as a function of Fe concentration x that tracks the T − P phase diagram of URu 2 Si 2 was established. 36 Notably, it appears that the reduction in the unit cell volume arising from the the substitution of the smaller isoelectronic Fe ions for Ru acts as "chemical pressure". However, it is difficult to determine the phase boundary between the HO and LMAFM phases from bulk measurements, because they do not directly probe the order parameter of the LMAFM phase. Therefore, it was impossible to determine whether URu 2−x Fe x Si 2 samples with x > ∼ 0.2 indeed were in the LMAFM ground state. In addition, the polycrystalline samples also exhibited some issues with disorder, which led to broadened phase transitions as a function of temperature for x > 0.1, thus leading to some uncertainty in the phase diagram. In the work presented here, we have overcome these issues by performing specific heat and neutron diffraction experiments on high-quality single crystals of URu 2−x Fe x Si 2 for 0 ≤ x ≤ 0.7. The results are consistent with the viewpoint that substitution of Fe for Ru in URu 2−x Fe x Si 2 acts as a chemical pressure and, up to at least x = 0.3, reproduces the temperature T -external pressure P phase diagram of URu 2 Si 2 .
II. EXPERIMENTAL METHODS
Measurements were performed on a series of single crystals of URu 2−x Fe x Si 2 with Fe concentrations 0.025 ≤ x ≤ 0.7. Samples were grown using the Czochralski technique, where one of the samples (x = 0.1) was prepared in a tri-arc furnace with a continuously purified Ar atmosphere at Los Alamos, and all other samples were prepared in a Techno Search TCA 4-5 Tetra-Arc furnace under a zirconium-gettered argon atmosphere at UCSD. The quality of the synthesized single crystals was confirmed by x-ray diffraction measurements in a D8 Discover Bruker diffractometer. Typical sample masses for all samples were a few grams. Specific heat measurements were performed for 1.8 K ≤ T ≤ 30 -50 K in a Quantum Design Physical Property Measurement System semiadiabatic calorimeter using a heatpulse technique. Neutron diffraction experiments were performed at the NIST Center for Neutron Research on the BT4 and BT7 triple axis spectrometers with incident energies of E i = 35, 75, 80 or 81.8 meV and various collimations. 37 Samples were oriented in the [HK0] scattering plane. For E i = 35 meV, pyrolytic graphite (PG) filters were used to reduce higher-order contamination from the monochromated neutron beam. Temperatures in the range 4 ≤ T ≤ 30 K were accessed using a closed cycle 4 He refrigerator. The higher incident neutron energies have been used to avoid extinction. The use of the analyzer crystal on both instruments further improved the signal-to-noise ratio, which is particularly important in the case of measuring the small magnetic moments in the HO phase. The phonon contribution to the specific heat was subtracted according to the procedure described in the text.
III. EXPERIMENTAL RESULTS
In Fig. 1 , we show the electronic contribution to the specific heat C e (T ) divided by temperature T that was determined for 0 ≤ x ≤ 0.25 by subtracting the phonon contribution C ph (T ).
38 Specific heat data measured on the isostructural compound UFe 2 Si 2 were used to estimate C ph (T ). This method should yield a good estimate of the phonon contribution for all values of x since the end member compounds are isostructural and UFe 2 Si 2 is reported to be a Pauli paramagnet down to 0.2 K.
39
Using only a Debye function, we were unable to account correctly for the phonon contribution over the entire Trange measured. C e (T ) shows a well-defined BCS-like anomaly at the transition from the paramagnetic phase into the HO/LMAFM phase at T 0 for all measured x that is similar to the feature observed for x = 0.
2 We defined T 0 as the temperature of the midpoint of this feature in the C e (T ) data. There is no sign of the broad shoulder above T 0 that was observed for polycrystalline samples previously and has been attributed to disorder, 36 demonstrating that the single crystals studied here do not suffer from similar problems. For increasing Fe concentration, x, the transition temperature T 0 moves to higher temperatures as observed for URu 2 Si 2 under applied pressure. Figure 2 shows the magnetic moment per uranium as a function of temperature T for all measured Fe concentrations x obtained from our neutron scattering experiments. The magnetic moment for each temperature and Fe concentration was obtained by recording the integrated intensity of the magnetic Bragg reflection (1,0,0) by means of rocking scans. We note that (1,0,0) is a forbidden nuclear Bragg reflection and the observed scattering is purely magnetic apart from higher order scattering from the monochromator that was temperature independent. The intensity of a magnetic reflection for URu 2−x Fe x Si 2 is given by 
where γ = 1.193 is the magnetic dipole moment of the neutron in units of nuclear Bohr magnetons, r 0 = 2.818×10 −15 m, and v 0 is the unit cell volume.Q is a unit vector parallel to the scattering vector Q and F M (Q) is the magnetic structure factor. The indices α and β describe their components with α, β = x, y, z. The term, α,β (δ αβ −Q αQβ ), signifies that only components of the magnetic structure factor perpendicular to Q contribute to the magnetic scattering. The magnetic structure factor for URu 2−x Fe x Si 2 is described by
Here g, F Q and exp(−W Q ) are the Landé g-factor, the magnetic form factor and the Debye-Waller factor of the magnetic uranium ions, respectively. The vector d describes the position of the dth uranium ion in the unit cell. In the second line, we have used the fact that URu 2−x Fe x Si 2 crystallizes in the space group I4/mmm, and the antiferromagnetic order found in the HO/LMAFM state is described by the two uranium ions (0,0,0) and (1/2, 1/2, 1/2) that exhibit antiparallel magnetic moments S (0,0,0) = (0, 0, S) and S (1/2,1/2,1/2) = (0, 0, −S). The magnetic moment per uranium is therefore given by m = gS and can be calculated by normalizing the recorded magnetic intensity with the known intensity of nuclear reflections such as (2n,0,0). We note that we have used weak nuclear reflection such as (6,0,0) and higher incident neutron energies E i to avoid errors in the normalization due to extinction effects.
IV. DISCUSSION
From Fig. 2 , it is clearly visible that the onset temperature T 0 of the HO/LMAFM phase increases for increasing x. Here, we have determined T 0 (x) from the temperature dependence of the magnetic moment for each concentration by performing order parameter fits of the form m ∝ (T 0 − T ) β . 40 The values of T 0 (x) extracted in this fashion are marked with the brown solid line in Fig. 2 and are also shown in the temperature T -Fe concentration x phase diagram in Fig. 3(a) together with the values obtained from the specific heat measurements. For the latter, T 0 was obtained by tracking the peak of the jump in C e (T )/T . Figure 3(a) illustrates that the values of T 0 (x) derived from both measurements are consistent. The shape of T 0 (x) looks remarkably similar to the shape of the curve T 0 (P ) observed when URu 2 Si 2 is tuned via external pressure P . Notably, we observe a kink in T 0 (x) at x ≈ 0.15 that occurs in T 0 (P ) at P kink ≈ 0.7-1.3 GPa depending on the combination of method and pressure medium employed to determine T 0 (P ).
28,29,40,42-45
In the T -P phase diagram of URu 2 Si 2 , the HO-LMAFM phase transition for T → 0 K occurs at P x ≈ 0.5-0.7 GPa, where the phase boundary moves to slightly higher pressures for increasing temperature, until it connects to the phase boundary between the paramagnetic phase and the HO/LMAFM phase T 0 (P ) at P kink (see Fig. 3(a) ). 28, 29, 40, [42] [43] [44] [45] In Fig. 3(b) , we show the value of the U magnetic moment m as a function of x at T = 5 K. The order parameter curves m(T ) illustrated in Fig. 2 for various values of x demonstrate that the magnetic moment is already saturated at T = 5 K, so that the value of m plotted in Fig. 3(b) effectively corresponds to the magnetic moment for T → 0 K. The magnetic moment only increases slightly as a function of x for x < 0.1; however, at x = 0.1, a sharp increase of m is observed, indicating that x ≈ 0.1 marks the transition from the HO to the LMAFM phase in URu 2−x Fe x Si 2 for T → 0 K. This is also apparent from a more detailed analysis of the specific heat data, which allows us to investigate the magnitude of the charge gap ∆ that opens in the FS at T 0 as a function of Fe concentration. The specific heat C e (T ) data below T 0 can be well described by the expression 2 C e (T ) = A exp(−∆/T ).
The values of ∆ extracted by fitting Eq. 3 to the electronic contribution to the specific heat for each x are plotted in Fig. 3(c) . change in the electronic structure of URu 2−x Fe x Si 2 at the same Fe concentration, where the abrupt change of the magnetic moment indicates the phase transition from the HO into the LMAFM state.
We note that the behavior of the charge gap ∆ extracted from the specific heat data is reminiscent of the sudden increase of the spin gap E S at the incommensurate wave vector Q 1 when URu 2 Si 2 is tuned from the HO into the LMAFM phase by means of external pressure. 21, 22 We have highlighted this similarity by overlaying the values of the spin gap E S as a function of pressure extracted from inelastic neutron scattering measurements in Fig. 3(c) . Because the spin excitations at Q 1 represent spin-flip transitions between hybridized bands and track the gapped FS of URu 2 Si 2 , 24, 25 it is natural that the spin gap E S observed via neutron scattering tracks the charge gap ∆ probed by the specific heat.
The abrupt changes of the magnetic moment m and the charge gap ∆ at x = 0.1, as well as the shape of the phase boundary T 0 (x), support the interpretation that isoelectronic substitution of Ru with smaller Fe ions in URu 2 Si 2 behaves as chemical pressure. In Fig. 3(d) , we show the unit cell volume V of URu 2−x Fe x Si 2 as a function of x as extracted from x-ray diffraction measurements. As expected, and similar to the previously investigated polycrystalline samples, 36 V decreases for increasing x. Using the value for the isothermal compressibility (κ T = 5.2 × 10 −3 GPa −1 ) of URu 2 Si 2 as in our previous work 36 and as determined from x-ray diffraction at low temperature, 41 we calculate the chemical pressure P ch that corresponds to each x (see right side axis of Fig. 3(d) ). However, one should note that values of κ T reported in the literature range from 2×10 −3 to 7.3×10
GPa −1 .
26,41
We also indicate P ch on the top horizontal axis of Fig. 3 . Using the estimated chemical pressure, we have plotted the phase boundaries between the paramagnetic, HO and LMAFM phases for URu 2 Si 2 as a function of pressure, as reported by several groups using different methods and pressure media. 28, 29, 40, [42] [43] [44] [45] It is immediately apparent that the phase boundaries determined here for URu 2−x Fe x Si 2 and plotted as a function of chemical pressure are in good agreement with the established T -P phase diagram for URu 2 Si 2 .
We note that the magnetic moment within the HO phase of URu 2−x Fe x Si 2 increases faster than observed for pressure tuning of URu 2 Si 2 . It is likely that this discrepancy is due to the additional disorder that is introduced by chemical substitution. In this case, the disorder introduces additional strain in URu 2−x Fe x Si 2 for increasing x, which leads to larger "puddles" of the LMAFM phase existing within the HO state. The magnetic moment m ≈ 0.8 µ B /U in the LMAFM phase of URu 2−x Fe x Si 2 is slightly larger than what has been observed in the LMAFM phase accessed via external pressure (m = 0.4-0.5 µ B /U). 28, 40 This may also be related to the disorder introduced by chemical substitution and/or an increased magnetic moment due to the introduction of Fe; however, additional more detailed studies will be required to explore these subtle differences between external and chemical pressure tuning.
Next, we discuss the slight difference in Fe concentration x at which the HO-LMAFM phase transition occurs when we compare previous bulk measurements on polycrystalline samples of URu 2−x Fe x Si 2 (x ≈ 0.2) with the value determined for single crystals herein (x ≈ 0.1). First, we note that the value for the polycrystalline samples was based on the position of the kink in the phase boundary T 0 (x) and an analysis of the entropy, which are both not directly sensitive to the order parameter of the LMAFM phase. In contrast, the value determined here is based on the change of the magnetic moment on the U site as T → 0 K. As described above, the phase boundary between the HO and LMAFM phases moves to higher pressure/Fe concentration as a function of increasing temperature. Furthermore, we note that the polycrystalline samples show some disorder as apparent from a broadened HO/LMAFM transition, which makes it more difficult to determine the exact shape of the T 0 (x) phase boundary. Taken together, these factors account for the slight difference between poly-and single-crystalline samples.
Recently, the HO/LMAFM phase boundary T 0 (x) was determined for the system URu 2−x Os x Si 2 to values of x = 1.2, based on electrical resistivity, magnetic susceptibility, and specific heat measurements on polycrystalline specimens. 46, 47 Similar to the URu 2−x Fe x Si 2 system, T 0 for the URu 2−x Os x Si 2 system increases with x and exhibits a maximum of ∼50 K at x = 1.0 (somewhat larger than the maximum of ∼42 K for the Fe-substituted system at x = 0.8). Since the substitution of isoelectronic Os for Ru increases the unit cell volume with x, it should act as a negative chemical pressure and result in a decrease of T 0 with x, in analogy with the apparent equivalence of chemical pressure in the behavior of T 0 (x) of URu 2−x Fe x Si 2 and applied pressure in the behavior of T 0 (P ) of URu 2 Si 2 . Thus, the similarity in the behavior of T 0 (x) for the isoelectronic Os and Fe substitutions for Ru in URu 2 Si 2 is a surprising result that suggests that other factors may be involved in the behavior of T 0 (x), at least for the Os-substituted system. As suggested in Ref. 46 , the similar trends for T 0 observed for Fe and Os substitutions in URu 2 Si 2 correlate with similar behavior of the ratio of the lattice parameters c/a, which increase with x for both systems. Further experiments are underway on the URu 2−x Os x Si 2 system to address this issue.
V. CONCLUDING REMARKS
In summary, the T -P ch phase diagram, as well as the magnetic moment on the uranium site m as a function of P ch that we have determined for URu 2−x Fe x Si 2 from the specific heat and magnetic neutron diffraction measurements presented herein, are both in good agreement with the T -P phase diagram and the evolution of the magnetic moment as a function of P in URu 2 Si 2 . This suggests that substituting smaller Fe ions for Ru in URu 2 Si 2 is equivalent to applying external pressure as was proposed in earlier work. 36 The substitution series URu 2−x Fe x Si 2 thus enables us to study the effects of pressure tuning on URu 2 Si 2 with methods such as ARPES or STM that cannot be employed under pressure. This will provide a new opportunity to study the change of the electronic structure between the HO and LMAFM phases in URu 2 Si 2 that are known to be intimately connected. Keeping in mind that electronic and spin degrees of freedom are closely coupled in URu 2 Si 2 , it would be desirable to probe the complete spin excitation spectrum within the Brillouin zone for an Fe concentration x ≥ 0.1 to determine subtle differences between both phases. Ultimately, these future experiments on the nature of the LMAFM phase may allow us to obtain a fresh view on the elusive order parameter of the HO state.
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